Abstract. Gastric cancer remains one of the primary causes of cancer-associated death worldwide. The gap junction α (GJA) family has been demonstrated to be involved in the cellular proliferation and metastasis of gastric cancer. However, the prognostic value of GJA in gastric cancer is yet to be elucidated. In the present study, the overall survival (OS) of patients with gastric cancer and the mRNA expression of GJA family members, including GJA1, GJA3, GJA4, GJA10 and GJA12, were analyzed using 593 patients with gastric cancer from the Kaplan-Meier plotter database. High GJA1 and GJA10 mRNA expression levels were associated with a poorer patient outcome (P=0.0066 and P=0.015, respectively), whereas high mRNA expression levels of GJA4 and GJA12 were associated with longer survival times (P=0.0056 and P= 0.0054, respectively). Furthermore, the values of specific prognostic indicators of different subtypes of gastric cancer, including human epidermal growth factor receptor 2 status, Lauren differentiation and tumor stage, were also analyzed.
Introduction
Gastric cancer is one of the most common causes of cancer-associated mortality (1) . Despite significant improvements in therapy, including neoadjuvant chemoradiotherapy, advanced surgical techniques and novel target drugs, gastric cancer has a high tendency for recurrence (2) . Furthermore, the progression and genetic characteristics of gastric cancer remain unclear. In recent decades, it has been revealed that gastric cancer results from multi-gene alterations in a number of signaling pathways. A deeper understanding of gastric cancer-associated genes may improve the diagnosis and treatment of the disease.
The gap junction α (GJA) genes encode connexin (Cx) proteins. Cxs compose cell gap junctions, facilitating intercellular communication to regulate a number of cell functions, including cell death, proliferation and differentiation. To date, 12 Cx proteins, GJA1-GJA12, have been identified. These proteins are expressed in different tissues to varying degrees (3, 4) , and the genetic and biological features of each Cx can differ. These proteins have been demonstrated to be involved in cancer development, metastasis and the regulation of cancer cell survival during radiotherapy (5) (6) (7) (8) (9) . Several studies have indicated that the GJA family serve an important role in gastric cancer, particularly in Helicobacter pylori infection-associated and intestinal-type gastric cancer (5, 6) . However, these studies focused primarily on in vitro investigations of the molecular mechanisms of these genes in gastric cancer; their roles in clinical practice are largely unknown.
In the present study, the prognostic roles of GJA mRNA expression levels were assessed in patients with gastric cancer using the Kaplan-Meier plotter (KM plotter, http://kmplot. com/analysis/index.php?p=service&cancer=gastric) and Gene expression profiling interactive analysis (GEPIA, http://gepia. cancer-pku.cn) platforms. The Kaplan-Meier plotter is an open database within the Gene Expression Omnibus (www.ncbi. nlm.nih.gov/geo/) that collects gene expression and survival data from patients with gastric, lung and breast cancer. GEPIA is an online tool for extracting RNA sequencing data from The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) databases. The use of these online tools revealed a significant association between GJA mRNA expression levels and the survival of patients with gastric cancer. datasets were assessed; the GSE62254 database, which exhibited markedly different patient characteristics to the other datasets, was excluded. Using the Kaplan-Meier plotter, the data associated with different clinicopathological variables, including sex, tumor stage, Lauren classification, tumor differentiation and human epidermal growth factor receptor 2 (Her-2) status were collected. Data regarding GJA gene family members, including GJA1, GJA3, GJA4, GJA10 and GJA12 was also assessed, and the mRNA expression levels of these members were analyzed. P<0.05 was considered to indicate a statistically significant difference. All possible cutoff values between the lower and upper quartiles were determined, and the best performing threshold used as the cutoff.
The mRNA expression levels of tumor and normal tissues were analyzed using the GEPIA database (http://gepia. cancer-pku.cn), which contains the data of 9,736 tumors and 8,587 normal samples from TCGA and GTEx datasets. The expression levels of GJA1, GJA3, GJA4 and GJA12 in 619 patients with gastric cancer were assessed using GEPIA. The expression levels in tumor and normal tissues at different disease stages were displayed as boxplots and stage plots, for which the method of differential analysis was one-way ANOVA. For the boxplots, disease state (tumor or normal) was used as the variable for calculating differential expression; pathological stage was used for the stage plots. P<0.05 was considered to indicate a statistically significant difference.
Results
Differential expression of GJA members between gastric cancer and normal tissues. In the present study, the prognostic value of GJAs in gastric cancer was assessed. The GEPIA was used to determine the mRNA expression levels of GJA1, GJA3, GJA4, GJA10 and GJA12 in patients with gastric cancer. The median expression levels of GJA1, GJA3, GJA4 and GJA12 were determined (Fig. 1) . However, the expression data for GJA10 was not collected from the GEPIA database. Notably, GJA3 and GJA4 exhibited a higher expression level in gastric cancer tissues (Fig. 1) . Furthermore, the mRNA expression levels of GJAs at different tumor stages were assessed and are indicated as stage plots (Fig. 2) . Notably, there was a statistically significant association between GJA4 expression and the different pathological stages (Fig. 2C) . No significant association was revealed for the other family members ( Fig. 2A, B and D) . These findings indicated that specific GJA members were differentially expressed in gastric cancer tissues compared with normal tissues.
Prognostic value of GJA members in gastric cancer. The Kaplan-Meier plotter was used to assess the prognostic value of GJA members in gastric cancer; patient characteristics are listed in Table I . The data revealed that the mRNA expression levels of GJA1, GJA4, GJA10 and GJA12 were significantly associated with OS in patients with gastric cancer (Fig. 3) . High mRNA expression levels of GJA1 and GJA10 were associated with poorer OS (Fig. 1A and C) , whereas high mRNA expression levels of GJA4 and GJA12 were associated with improved OS (Fig. 1B and D) . Regarding GJA3, no significant difference was indicated between mRNA expression level and OS (HR=1.27; 95% CI=0.92-1.75; P=0.14). In conclusion, GJA1, GJA4, GJA10 and GJA12 were associated with the survival outcome of patients with gastric cancer.
Prognostic value of GJA members in patients with different pathological characteristics.
To further understand the association between the mRNA expression levels of GJAs and survival outcome, the OS of patients with different pathological characteristics was evaluated, including Her-2 status, Lauren classification, tumor differentiation status and tumor-node-metastasis (TNM) stage. As indicated in Fig. 4 , the prognostic value of GJAs with Her-2 status was determined. A high GJA1 and GJA10 mRNA expression level was associated with poorer OS in Her-2-positive patients ( Fig. 4A and C), whilst low GJA4 and GJA12 expression levels were associated with reduced survival time in Her-2-negative patients ( Fig. 4E and F) .
The Lauren classification is used to define gastric cancer into intestinal, diffuse and mixed subtypes. The prognostic Figure 1 . Boxplots of the mRNA expression levels of GJA1, GJA3, GJA4 and GJA12 in gastric cancer and normal patient tissues. The red and grey boxes represent cancerous and normal tissues respectively. The y-axis represents log2(TPM+1) transformed RNA seq expression data. GJA3 and GJA4 mRNA expression levels were elevated in tumor tissues but no significant differences were observed. GJA, gap junction α; STAD, stomach adenocarcinoma. value of GJA members in different Lauren classifications was revealed (Fig. 5) . A high GJA1 mRNA expression level was associated with poorer OS in patients with intestinal and diffuse type gastric cancer ( Fig. 5A and B ). An elevated GJA3 mRNA expression level was associated with poorer OS in patients with intestinal type gastric cancer (Fig. 5C) . Furthermore, high GJA10 mRNA expression level was also associated with poorer OS time in patients with intestinal or diffuse type gastric cancer ( Fig. 5D and E) .
Regarding tumor differentiation, GJA mRNA expression level also demonstrated prognostic value. As indicated in Fig. 6 , High GJA1 mRNA expression was associated with poorer OS in patients with well-or moderately-differentiated gastric cancer (Fig. 6A and B) . High GJA10 expression level was associated with poorer OS times in patients with moderately or poorly differentiated gastric cancer ( Fig. 6C and D) . GJA12 expression was significantly associated with the OS in patients with moderately differentiated tumors (Fig. 6E) . All other conditions not indicated in the figure. were analyzed, but had no statistical significance in terms of prognostic value.
For different gastric cancer TNM stages, the GJA mRNA expression level was of prognostic value on a number of levels. As indicated in Table II , some of the GJA members were associated with prognosis in different stages of gastric cancer. Among those listed, GJA1, GJA10 and GJA12 demonstrated the most significant association with gastric cancer survival outcome. Notably, the number of stage T1 and T4 patients was too small to be valid for analysis in the KM plotter database.
Discussion
The GJA gene family encodes Cxs, which compose cell hemi-channels, connexons and gap junction channels (11) (12) (13) . It has been reported that these gap junction structures are involved in several cellular responses under physiological and pathological states (14) . GJA-encoded Cxs are widely distributed in the human body and are abundantly expressed in gastrointestinal cells. Among the GJA family members, GJA1 (Cx43) and GJA4 (Cx37) have been confirmed to be expressed in normal gastrointestinal cells (15) . However, Cx isotypes not identified in normal tissue may be detected in associated cancers (16) . In gastric cancer cells, GJA has been demonstrated to be associated with intestinal type gastric cancer (17) and Helicobacter pylori-associated gastric tumorigenesis (18, 19) ; however, the functional mechanism remains unclear. According to a recent study on the GJA family members, the majority of studies focus on the molecular mechanisms and pathological progression of GJA. However, the number of studies on the clinical value of GJA was limited.
Among the GJA members investigated in the present study, GJA1 was the most widely reported. GJA1-encoded Cx43 is the most abundant cx in gastric epithelial and intestinal epithelial cells (15) . Cx43 is a component of cell gap junctions that serves an important role in intercellular communication, cell-cell channel formation and the exchange of signaling molecules (20) . Several hypotheses and potential mechanisms of Cx43-associated gastric cancer have been reported. Cx43 may induce Helicobacter pylori-associated gastric cancer via VacA-induced cell death (20, 21) . Additionally, Tang et al (22, 23) reported that the abnormal expression of Cx43 may promote lymph node metastasis and peritoneal metastasis of gastric cancer through Cx43-mediated heterocellular gap-junctional intercellular communication. Furthermore, Liu et al (24) suggested that Cx43 may increase the chemotherapeutic sensitivity of gastric cancer cells. These in vitro studies suggest an association between GJA1 and gastric cancer. In the present study, a high GJA1 mRNA expression level was associated with a poorer OS in patients with gastric cancer, particularly in those that were also Her-2-positive. Previous results have indicated that GJA1 enhances tumor proliferation and migration in Her-2-positive patients with breast cancer (25) , which suggests a mutual effect between Her-2 and GJA1. In intestinal and diffuse types of gastric cancer, GJA1 was also associated with a poorer patient outcome.
GJA3 is primarily distributed in heart and testicular tissues but is also expressed at low levels in the stomach. It is associated with various types of breast cancer and cataract (26) (27) (28) (29) , and also has a distinct prognostic value for breast cancer (26, 29) . However, no scientific study has been published concerning its association with gastric cancer. GJA4 has been reported to participate in tumor proliferation (30) and growth suppression (31); Jing et al (32) reported that GJA4 was correlated with gastric cancer and that small interfering RNA inhibition of GJA4 in gastric tumors in mice could promote tumor cell apoptosis. Notably, there is limited research regarding GJA10. It has been suggested that the GJA10 (Cx62) is mainly distributed in the retina (33) and may be involved in visual perception functions (34) . To the best of our knowledge, no study has reported the role of GJA10 in gastric cancer. GJA12 is methylated in the carcinogenesis of Barrett's esophagus, which indicates its potential function in tumor progression (35) . GJA12 is also associated with an increased risk of secondary lymphedema following breast cancer treatment (36) .
GJA family members predominantly mediate gap-junctional intercellular communication (GJIC), which is the only way for adjacent cells to exchange signals internally (37) . Gap junctions also serve an important role in maintaining tissue homeostasis. Deletion of Cx genes may result in disorders such as cancer and cardiac malformation (38) . Several studies have indicated reduced GJIC among neighboring cells in malignant tumor tissues (39) (40) (41) . Additionally, Ruch et al (40) suggested that reduced GJIC promoted cancer cell growth and tumorigenicity, and Trosko et al (42) demonstrated that one of the differences between a cancer cell and its normal parental cell is GJIC-competence. These results suggest the importance of GJIC in carcinogenesis and regulation of the cell cycle. However, Yamasaki et al (38) indicated that the expression of Cxs, rather than GJIC level, is more closely associated with the control of tumor growth, which suggests a GJIC-independent function for GJA members. Although the relatively well-studied GJA1 is reportedly associated with the carcinogenesis of gastric cancer, in the present study there were no significant differences in the expression levels of GJA1 in tumor tissues compared with normal tissues. Yamasaki et al (39) identified that Cxs were normally expressed, but aberrantly localized in many tumor cells, indicating that the dysregulation of GJIC may be caused by the abnormal expression and localization of Cxs. Therefore, it was speculated that the differential expression of GJA members was not the only mechanism in gap junction-associated carcinogenesis. Tang et al (22) suggested that GJA1-mediated heterocellular GJIC between gastric cancer cells serves an essential role in metastasis. These reports indicated that GJA members were not only involved in cell cycle control of individual malignant cells, but also neighboring cells that may promote tumor proliferation and metastasis.
Among the GJA members, it was revealed that GJA1 (Cx43) was most obviously associated with gastric cancer. For (E) GJA4 (HR=0.70; 95% CI, 0.52-0.94; P=0.016) and (F) GJA12 (HR=0.66; 95% CI, 0.5-0.86; P=0.0023) expression, the differences in prognosis were presented in Her-2-negative patients. GJA, gap junction α; HR, hazard ratio; CI, confidence interval; Her-2, human epidermal growth factor receptor 2.
Her-2 expression in gastric cancer is associated with a poor outcome (43) , and for Her-2-positive patients with gastric cancer, high GJA1, GJA3 and GJA10 mRNA expression levels were predictive of poorer OS times, whereas high GJA12 mRNA expression levels were associated with an improved outcome. Although several studies have aimed to determine the link between GJA mRNA expression and Her-2 status in other cancer types (25, 27) , there is still a lack of evidence to explain the potential mechanism in gastric cancer.
For different tumor stages, the prognostic value of GJA also generated some significant results. It has been indicated that gap junctions act as suppressors in the early stages of tumor development; however, in the advanced stages, they may facilitate tumor progression by promoting the invasion of migrating tumor cells into the surrounding tissues (5, 8, 9) . These 2 functions are considered to be the result of different gap junction mechanisms at different tumor stages (8) . In the present study, the expression of GJA at N and M stage exhibited a significant difference between N0 and N1+2+3/M0 and M1, which supports previous research. Several studies have also indicated that Cxs may be associated with lymph node metastasis (22,36,44 ). Kanczuga-Koda et al (44) suggested that the Figure 6 . Association between mRNA expression levels of GJA members and the overall survival of patients with different pathological differentiations. Statistically significant differences were revealed regarding (A and B) GJA1 (HR=3.51; 95% CI, 1.35-9.12; P= 0.0062, and HR=2.17; 95% CI, 1.1-4.29; P= 0.023), (C and D) GJA10 (HR=2.36; 95% CI, 1.2-4.65; P=0.011, and HR=1.63; 95% CI, 1.01-2.65; P=0.044) and (E) GJA12 (HR=0.43; 95% CI, 0.19-0.94; P=0.031). GJA, gap junction α; HR, hazard ratio; CI, confidence interval. expression of GJA1 was increased in metastatic lymph nodes compared with primary breast tumors, and Ezumi et al (45) found that GJA1-negative primary colorectal tumors could metastasis into GJA1-positive tumors in the lymph nodes. The potential role of GJAs in lymph node metastasis may also explain their differential expression at different N stages.
The present study had a number of limitations. Previous studies have confirmed that the relationship between specific GJA family members and gastric cancer remains unclear. However, in the present study, the potential joint influence of these members on patient survival was not analyzed. Additionally, it is a bioinformatics-based analysis of GEO and TCGA datasets, with a lack of in vitro and in vivo validation experiments.
The present study focused on the abnormal expression of GJAs and their prognostic value in gastric cancer. The findings suggested that GJA family members are associated with the survival outcome of patients with gastric cancer; specifically, high GJA1 and GJA10 expression levels were associated with poorer outcomes, whilst high GJA4 and GJA12 were associated with improved outcomes. Moreover, for different pathological features, including Her-2 status, Lauren classification, tumor differentiation and TNM stage, GJA mRNA expression level also exhibited predictive value. These results indicated the potential of GJA members as gene targets for the prognosis and treatment of gastric cancer, though further insights are required to determine their clinical applications and mechanisms.
